Arousal and valence play key roles in emotional perception, with normal aging leading to changes in the neural substrates supporting valence processing. The objective of this study was to investigate normal age-related changes in the neural substrates of emotional arousal processing. Twenty-three young and 23 older, healthy women underwent functional magnetic resonance imaging as they viewed images which were neutral or positive in valence and which varied in arousal level from low to high. Using a parametric modulation approach, we examined how the blood oxygen-level dependent signal varied with single trial subjective ratings of valence and arousal, and whether this differed with age. In accordance with previous studies we found that the older group showed greater activation in response to positive valence, in the left amygdala, left middle temporal gyrus and right lingual gyrus. In contrast however, they showed reduced reactivity to emotional arousal, in occipital and temporal visual cortices bilaterally, the left inferior parietal cortex, and the supplementary motor area bilaterally. This study represents the first of its kind to clearly dissociate how aging affects the neural correlates of emotional arousal and valence. The changes in arousal processing may in part be mediated by the functional reorganization evident in the aging brain, such as reduced activation of the posterior cortices as described by the posterior-anterior shift in ageing (PASA) effect.
Introduction
While a number of mental faculties decrease with age, emotional processing is well-preserved with healthy aging. Many older adults in fact enjoy improved emotional regulation and increased positive affect Charles et al., 2001; Williams et al., 2006) ; and although cognitive control declines with age (Braver and Barch, 2002) , emotional control does not, and may in fact improve (Gross et al., 1997) . Older adults have been found to demonstrate a bias toward positive emotional stimuli and decreased processing of negative emotional stimuli, a finding that has been called "the positivity effect" (Mather and Carstensen, 2005) . This positivity effect also appears to influence the retention of information, with older adults remembering more positive and less negative information than young people Kennedy et al., 2004) , and recalling autobiographical memories with more positivity (Comblain et al., 2005) .
Functional magnetic resonance imaging (fMRI) studies have revealed significant age-related differences in the neural substrates of positive emotional valence, such as increased activation in response to positive versus neutral or negative stimuli in accordance with the positivity effect (Mather and Carstensen, 2005) . For example, older adults showed greater amygdala activity to positive versus negative images on an emotional perception task ; while during the successful encoding of positive but not negative images, older adults showed greater activation in the medial prefrontal (mPFC) and the anterior cingulate gyrus compared with younger adults (Kensinger and Schacter, 2008) . Increasing age has been found to be positively associated with activation in the mPFC to happy faces, but negatively associated with activation to sad faces in the same region .
While there have been numerous studies investigating age-related differences in emotional valence processing, there is a relative dearth of research into whether there are age-related differences in the processing of emotional arousal. Emotional arousal or intensity is thought to reflect the motivational value of an emotion (Lang et al., 1998) , and has a strong effect on cognition, enhancing attention (Davis and Whalen, 2001; Fox et al., 2001 ) and also memory, via the increased activation of the amygdala and hippocampus (Cahill et al., 1996; Dolcos et al., 2004; Kensinger and Schacter, 2006; Richardson et al., 2004) . There is some evidence that automatic arousal processing is relatively stable in old age, with older adults showing the same ability as young adults to detect high arousing stimuli (Leclerc and Kensinger, 2008) , and threatening stimuli such as highly arousing negative scenes from the international affective picture system (IAPS) (Rösler et al., 2005) , or threatening faces (Mather and Knight, 2006) . There have been conflicting reports of older adults' autonomic response to emotional arousal however. Older adults have been found to show less increases in the skin conductance response (SCR) to highly-arousing negative images compared with younger adults, despite higher self-reports of arousal levels (Gavazzeni et al., 2008) . This would imply that aging is associated with a decreased autonomic response to emotional arousal; however, other studies have contradicted this result (Denburg et al., 2003) . Several behavioral studies have also reported age-related changes in arousal responses, with older adults rating positive emotional images as less arousing than young adults (Grühn and Scheibe, 2008; Pôrto et al., 2011) .
As yet however, it is unknown whether the neural response to emotional arousal changes in healthy aging. The influence of aging on arousal processing is an important question given the central role that arousal plays in orienting attention (Vuilleumier, 2005) , and in successful memory encoding (Sharot and Phelps, 2004) . Because older adults tend to show decline on attention and memory tasks (Finnigan et al., 2011; Glisky, 2007) which benefit from moderately high levels of arousal (Bradley et al., 2003; McGaugh, 2006) , altered arousal processing may play a pivotal role in this deterioration of function. This study therefore sought to clarify whether there are age-related differences in emotional arousal processing.
In the current study we investigated how healthy aging modulates the brain's response to the two emotional dimensions valence and arousal. A group of young and older healthy women viewed images which were either neutral or positive in emotional valence and which varied in arousal level as they underwent fMRI. Only women were included in the study because there have been considerable differences found between genders in emotional reactivity (Bradley et al., 2001) and in the neural representation of emotion (Beck et al., 1996; Cahill et al., 2001; Wager et al., 2003; Wrase et al., 2003) . Similar to several other fMRI studies of emotional processing (Heinzel et al., 2005; Kehoe et al., 2011; Lewis et al., 2007; Phan et al., 2004) , we utilized a parametric modulation approach, including the participants' subjective emotional ratings as parametric modulators in the fMRI analysis. This method allowed us to isolate the brain regions where the blood oxygen-level dependent (BOLD) response varied linearly with valence and arousal, and investigate whether this differed in the aging brain.
We predicted, given the findings of previous neuroimaging studies (Mather and Carstensen, 2005; Mather et al., 2004) , that the older adults would show a greater BOLD response to positive emotional valence than the young adults, possibly in the amygdala and prefrontal cortex (PFC), in accordance with the predictions of the positivity effect. Given that it has previously been reported that older adults rate emotional images as less arousing (Grühn and Scheibe, 2008; Pôrto et al., 2011) and show a reduced SCR in response to arousal (Gavazzeni et al., 2008) , we predicted that the older adults would show less BOLD modulation than the young group in response to increasing levels of arousal.
Methods

Participants
Twenty-three young (mean age ϭ 23.04 Ϯ 3.48 years; age range ϭ 19 -30 years) and 23 older, healthy, righthanded women (mean age ϭ 61.0 Ϯ 5.24 years; age range ϭ 55-71 years) took part in this study. The young cohort is the same as those described in Kehoe et al. (2011) ; however this study additionally contains data from an older cohort and concentrates on aging differences. The groups did not differ in their educational attainment (t ϭ 1.15, p Ͼ 0.05). Depression scores on the Beck Depression Inventory (BDI-II; Beck et al., 1996) were 4.22 Ϯ 3.38 and 3.73 Ϯ 3.60 respectively, indicating an absence of depressive symptoms, and the scores did not differ statistically between the groups (t ϭ Ϫ0.34, p ϭ 0.74). We wished to exclude any participants with possible depression as the disorder is associated with significant alterations in emotional processing (Fales et al., 2008; Leppänen, 2006; Liu et al., 2011) .
Personality was assessed using the Eysenck Personality Questionnaire, short-scale (EPQ-R) (Eysenck and Eysenck, 1991) , and although not a focus of this study it is worth noting that while the groups did not differ in terms of extraversion levels, the young adults had on average higher neuroticism scores than the older adults (t(44) ϭ 3.07, p ϭ 0.004). Previous studies have found that neuroticism can influence the neural substrates of emotional processing (Canli et al., 2001; Haas et al., 2008; Kehoe et al., 2011) , leading to sustained processing of sad stimuli for example (Haas et al., 2008) , and increased activation in response to arousal in the mPFC (Kehoe et al., 2011) . Therefore in order to control for the possible confounding effect of this trait it was included as a covariate of no interest in all of the fMRI analyses. The output was carefully examined, and the agerelated differences were not altered by the inclusion or exclusion of neuroticism in the model. Therefore we are confident that differences in this trait did not drive the age-related differences we report in this study.
In order to screen for possible subclinical dementia subtypes such as mild cognitive impairment (Petersen et al., 1999) , all older adults underwent a neuropsychological assessment which included the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) neuropsychological battery (Morris et al., 1988 (Morris et al., , 1989 . The CERAD battery has been shown to be sensitive to the presence of age-related cognitive decline (Welsh et al., 1991 (Welsh et al., , 1992 and therefore was used to detect possible cognitive impairment in the older adults. All of the older participants included in the study scored no more than 1.5 SD below the standardized mean scores for women of a similar age and education level on any of the subtests. The participants' demographic details and a subset of the neuropsychological scores are summarized in Table 1 .
The study had full ethical approval from the St. James' Hospital and the Adelaide and Meath Hospital, incorporating the National Children's Hospital Research Ethics Committee. All of the participants gave written informed consent before commencing the study. The young participants were recruited from Trinity College, Dublin, with the use of poster advertisements. The older participants were recruited from the greater Dublin area through advertisements in church newsletters and volunteering Web sites.
Stimulus set
The stimuli for the fMRI paradigm consisted of 190 colored photographs as described in detail in Kehoe et al. (2011) , which were either positive or neutral in valence and varied in arousal level over the entire range. They were a combination of 98 images from the IAPS (Lang et al., 2008) and 92 images gathered by the experimenters from various sources. In order to control for the interaction of arousal and valence, as these 2 dimensions tend to be correlated (Lang et al., 2008) , equal numbers of positive low arousal, positive higher arousal, neutral low arousal, and neutral higher arousal stimuli were included. It was hoped that this would allow for the dissociation of the effects of arousal and valence on the BOLD signal. The valence dimension was also limited to neutral and positive so that linear increases in the BOLD signal due to valence could be ascribed to increasing positivity, without being confounded by the inclusion of negative stimuli.
fMRI paradigm
The task was an emotional perception task (Kehoe et al., 2011) , in which the participants viewed 190 colored images which varied in valence and arousal as they underwent fMRI. The task consisted of 2 experimental runs, each containing 95 trials and lasting approximately 20 minutes. In each trial an image was presented in the center of a white background for 3000 ms, and after a delay of 1000 to 3000 ms (pseudorandom jitter), a prompt appeared on screen for 2000 ms asking the participants to classify the image they had just seen as "Living" or "Nonliving" (Fig. 1) . The participants were instructed to make their response by pressing either the left or right button on a magnetic resonancecompatible button response box held in their right hand, to correspond with the left/right position of the "Living/Nonliving" word on the screen. The task was intended to maintain the participants' focus for the duration of the task, without explicitly drawing their attention to the emotional content of the stimuli (Kensinger et al., 2007) . The stimuli were pseudorandomized so that no more than 3 images of the same valence or arousal type were presented in a row, in order to avoid inducing long-lasting mood states. The stimuli were delivered using Presentation version 13.0 (Neurobehavioral Systems, Albany, CA, USA).
Postscanning image rating
The participants did not rate the images while in the scanner as the processes of re-evaluation and judgment have been found to attenuate the neural response to emotional stimuli (Hariri et al., 2000; Taylor et al., 2003) . Instead they returned 2 to 3 days later and rated all of the images they had seen during the scanning session as well as 48 negative images from the IAPS along the dimensions of valence, arousal, and dominance. The negative images were included in the rating task to provide contrast with the others, to ensure that the participants understood the full remit of the valence dimension. A computerized version of the SelfAssessment Manikin (Lang et al., 2008 ) was used to operationalize valence, arousal, and dominance. This study focused on the effects of arousal and valence only. The valence dimension ranged from 1 to 9, where 1 represented the most extreme negative rating, 5 was neutral and 9 was the most pleasant rating. Along the arousal dimension 1 represented the lowest arousal rating while 9 was the most arousing and intense.
Magnetic resonance imaging scanning protocol
Imaging data were acquired using a Philips Intera Achieva 3.0 T MR system (Best, The Netherlands). The BOLD signal changes were measured using a T2*-weighted echo-planar imaging sequence with repetition time (TR) ϭ 2000 ms and echo time (TE) ϭ 30 ms. Each volume of data covered the entire brain with 39 slices, and the slices were acquired in interleaved sequence from inferior to superior direction. Five hundred ninety-eight volumes were acquired during each experimental run, with voxel dimensions of 3.5 ϫ 3.5 ϫ 3.85 mm and a 0.35 mm gap between the slices. A T1-weighted/inversion recovery (T1W/IR) sequence was used to collect a 3-D highresolution anatomical image with voxel dimensions equal to 0.9 ϫ 0.9 ϫ 0.9 mm for structural localization.
Behavioral data analysis
The experimental log files were parsed using Python scripts (Version 2.6.2, www.python.org) to extract performance and rating information. These data were then used to create individually tailored regressors for each participant based on their subjective ratings of the images. Statistical analyses of the behavioral results were conducted using IBM SPSS Statistics v.19 (Armonk, NY, USA). The young and older groups' mean ratings of the emotional images were compared with a series of 5 independent sample t tests, and a Bonferroni correction for multiple comparisons was applied.
Magnetic resonance imaging data analysis
The magnetic resonance imaging data were analyzed using AFNI (Cox, 1996) (afni.nimh.nih.gov/afni) and FSL (FMRIB Software Library; www.fmrib.ox.ac.uk/fsl). The data were motion corrected by realignment to the first volume of the first run, concatenated into a single run, global mean-adjusted by proportional scaling and smoothed with a 6 mm full-width-at-half-maximum Gaussian kernel. A general linear model analysis was conducted in AFNI. Two regressors modeled the mean BOLD signal change from baseline during the image and prompt trials. To model the additional effects of arousal and valence on the BOLD response during the image trials, subjective ratings of arousal and valence for each image were included as single trial parametric weights. This resulted in 3 image regressors: Fig. 1 . Schema of the emotional perception paradigm. In each trial, an image appeared on screen for 3000 ms, and following a jittered delay of 1000 -3000 ms a prompt appeared asking the participant to classify the image they had just seen as living or nonliving. The intertrial interval was between 6 and 10 seconds. a constant unmodulated regressor describing the mean BOLD response during the image presentations, independent of the arousal or valence of the image (this will be referred to as the constant BOLD response), BOLD activation during the image trials modulated by arousal, and BOLD activation during the image trials modulated by valence. A separate regressor was included for any of the images rated as negative, so that these trials were not included in the amplitude modulation analysis. Six motion parameters, 8 regressors to model low frequency noise, and 2 regressors to model the mean differences between the 2 runs were also included as regressors of no interest in the general linear model.
All statistical analyses were calculated in the participants' native space, then the results were warped to the Montreal Neurological Institute (MNI) brain template (Montreal Neurological Institute/International Consortium for Brain Mapping 152 standard atlas as provided in the FSL software package) using FSL's linear registration tool, FLIRT. The transformation matrix (12 parameter affine) from native space to MNI space was calculated using the high resolution structural images from each subject. In order to confirm that the images were not flipped during the coregistration process, the activation maps were checked for contralateral motor activity timelocked to responses in the prompt conditions when they were warped into MNI space.
The group statistical analyses were based on a randomeffects model, and activation maps of the constant and modulated responses were calculated for the young and older groups with a series of independent t tests. The groups' activation maps were then compared with a series of analyses of covariance, which controlled for neuroticism scores, which differed significantly between the groups. Neuroticism has previously been found to influence the neural substrates of emotional processing (Canli, 2004; Cremers et al., 2010; Kehoe et al., 2011) , therefore we wished to control for possible confounding effects which might mask age-related differences.
Statistically significant clusters passed a voxelwise statistical threshold of p Յ 0.01; and a minimum cluster size of 708 L of contiguous statistically significant voxels was applied to correct for multiple comparisons across the brain.
This cluster size was calculated using a Monte Carlo simulation to obtain a family-wise error corrected p Ͻ 0.05 statistical significance in the t tests. A small volume correction was used for the amygdala and hippocampus, with a minimum cluster size for these structures of 94 L of contiguous statistically significant voxels (approximately 12 voxels). This value was calculated by applying a Monte Carlo simulation to masks created for the amygdala and hippocampus using the FSL Harvard-Oxford subcortical structural atlas. The Statistical Parametric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) anatomy toolbox (V1.7b, Eicknoff et al., 2005) was used to localize activation clusters; however where there were no probabilistic cytoarchitectonic labels available a Brodmann area is given in the results table instead.
Results
Emotional ratings
The average ratings of the stimuli by the young and older groups were calculated in order to examine the overall pattern of age-related differences in emotional ratings (Table 2). However it should be noted that subjective rather than average ratings were used for all of the fMRI analyses. The older group on average rated more images as positive than the young group (t(44) ϭ Ϫ3.61, p ϭ 0.001), while the young group rated more images as highly arousing than the older group (t(44) ϭ 2.83, p ϭ 0.007) (see Table 2 ). The amplitude modulation approach used to model the effects of arousal and valence on the BOLD signal is not dependent upon the total number of images per category, as it is based on linear association. Therefore we do not expect the fMRI results to be biased by these differences in behavioral ratings. In order to assess whether there was a correlation between the arousal and valence of the images, a correlation analysis was performed on the average ratings of the images from the fMRI task given by both the young and older groups. There was a statistically significant negative correlation between the average valence and arousal rating of the stimuli for both the young (r ϭ Ϫ.24, p ϭ 0.001) and older groups (r ϭ Ϫ.43, p Ͻ 0.001). Note that these are for guidance only as the functional magnetic resonance image (fMRI) analysis was based on subjective, not average ratings. The scores represent the total number of stimuli in the emotional perception task that the groups rated as positive, neutral, or negative in valence; and lower or higher in arousal. The arousal categories include only positive and neutral images as negative were excluded from the fMRI analysis. Positive: valence ϭ 7-9; Neutral: valence ϭ 4 -6; Negative: valence ϭ 1-3; High arousal: arousal ϭ 6 -9; Low arousal: arousal ϭ 1-5. Key: NS, not significant. ** p Ͻ 0.01. a Indicates the results from a series of t tests (corrected with a Bonferroni correction for multiple comparisons) which examined group differences.
fMRI results
Dissociating the effects of arousal and valence in the young and older adults
The young and older adults' constant and arousal and valence-dependent BOLD responses were first analyzed separately, in order to examine whether arousal and valance were processed by distinct neural networks, or whether their responses overlapped in the brain. The results from the young group are described in detail in Kehoe et al. (2011) , however to recapitulate briefly, there were arousal-dependent BOLD increases bilaterally in the fusiform gyrus, middle temporal gyrus, calcarine gyrus, middle occipital gyrus, thalamus, middle cingulate cortex, and inferior frontal gyrus; while the valencedependent response was confined to a region of the left fusiform gyrus. In the older adults the arousal-dependent BOLD increase was much less widespread than in the young group, confined to a region of the right middle occipital gyrus; while valence-dependent BOLD increases were observed in regions of the right middle occipital gyrus, the right calcarine gyrus, and the right fusiform gyrus. A single region in the right middle occipital gyrus was modulated by both arousal and valence. Independent of arousal or valence level, both groups showed widespread activation in the constant response to the images, in the occipital and temporal cortices (e.g., calcarine gyrus, middle occipital gyrus, fusiform gyrus, inferior, middle, and superior temporal gyri), the hippocampus, the middle frontal gyrus, the parietal lobe, and the cerebellum. The interested reader is referred to Supplementary Figs1 and 2. which accompany this article.
Age-related differences in the valence-dependent BOLD response
When the young and older adults' results were directly compared, the older group showed a significantly greater valence-dependent BOLD response to positive valence, consistent with the "positivity effect" in aging. This effect was evident in 3 clusters, located in the left amygdala, the right lingual gyrus, and the left middle temporal gyrus (Table 3, Fig. 2) .
Age-related differences in the arousal-dependent BOLD response
The young group displayed a significantly greater arousal-dependent BOLD response than the older adults in a number of brain regions. These included the occipital and temporal visual processing regions bilaterally, the right angular gyrus, the left inferior parietal cortex, the supplementary motor area (SMA), the left superior medial gyrus, and the right middle cingulate cortex. The older group showed a greater arousal-dependent response than the young group in 1 region however, in the right middle frontal gyrus (MFG), Brodmann area 10 (Table 4 , Fig. 3 ).
Age-related differences in the constant BOLD response
The young group displayed significantly more activation in the constant BOLD response than the older group in a wide range of brain areas (Table 5 , Fig. 4a and b) . These included visual processing areas spanning the occipital and temporal lobes, including primary and secondary visual cortex, the inferior, middle, and superior temporal gyri, and the fusiform gyrus. The young group also displayed greater constant BOLD activation in the parietal lobe, the hippocampus, and putamen bilaterally and the cerebellum. The older group did display greater constant BOLD activation than the young group in a single region however, in the right supramarginal gyrus (see Table 5 , and Fig. 4c ).
Discussion
The results of the current study suggest that the neural substrates of positive valence and emotional arousal processing are significantly altered by healthy aging. Using a parametric modulation paradigm and subjective emotional ratings, we identified 2 main differences in emotional valence and arousal processing with age. Both the behavioral ratings and the fMRI results strongly support the positivity effect in aging. The older adults on average rated more images as positive than the young adults, and they also demonstrated a stronger modulation of the BOLD signal with increasing levels of positive valence in several brain regions, including the left amygdala, the left middle temporal gyrus (MTG), and the right lingual gyrus. Other fMRI studies have also found similar results, with older adults showing increased BOLD signal in the amygdala compared with young adults in response to positive emotional images (e.g., Mather et al., 2004) . This increased processing of positive valence in older adults may reflect a greater emphasis on emotional wellbeing, as predicted by the socioemotional selectivity theory . According to this theory, as people age and time becomes more limited they prioritize their emotional wellbeing, engaging in more emotional regulation, and experiencing more positive emotions. These increases in activation also indicate however that the reduced BOLD signal in the older group in response to arousal and in the constant response, are likely not simply driven by reduced hemodynamic functioning caused by changes in arterial elasticity or cortical atrophy with increasing age. Rather, they represent genuine agerelated changes in the neural activation associated with emotional processing. In contrast to the valence results, the young group both rated the emotional images as more arousing, and also demonstrated a greater BOLD signal increase in response to arousal in a number of cortical regions. These included the occipital and temporal cortices, including early visual cortex and the middle and inferior temporal gyri; as well as the left superior medial gyrus, the left supplementary motor area (SMA) and the middle cingulate cortex. This is the first study to our knowledge to demonstrate reduced cortical reactivity to emotional arousal in healthy aging. Aging has been associated with the experience of fewer negative emotions (Gruenewald et al., 2008; Mroczek and Kolarz, 1998) , as well as reduced neural processing of negative compared with positive emotional stimuli (Addis et al., 2010; Leclerc and Kensinger, 2008; Mather et al., 2004) . Considering that negative emotional stimuli tend to be rated as more arousing than positive stimuli (Lang et al., 2008) , and tend also to result in greater BOLD signal increases in emotional and visual brain regions than neutral or positive images (e.g., Lane et al., 1997; Mourão-Miranda et al., 2003) , it is possible, based on our results, that an under-responsiveness in older adults to the effects of arousal may partly mediate the attenuation in their response to negative emotional stimuli. It may be the case that changes in emotional processing in aging are marked by both increased sensitivity to positive valence, and attenuated arousal processing, which combine to produce the behavioral and neural patterns that are often observed, such as the positivity effect. Future studies could focus on disentangling these 2 mechanisms in order to determine whether the positivity effect is more likely due to the prioritization of emotional goals, a lessening of the impact of highly arousing emotional stimuli, or a combination of these 2 factors.
In the current study the older group did demonstrate a greater BOLD response to emotional arousal in a single region, located in the right MFG. This may indicate greater top-down, emotional control in the older adults, indicative of increased emotional regulation during the perception of highly arousing stimuli. Several previous neuroimaging studies have found that older adults display greater PFC activation associated with emotional regulation, in particular to negative emotional stimuli (Murty et al., 2009; St. Jacques et al., 2009; Williams et al., 2006) . Further, given that negative images tend to be rated as more arousing than either neutral or positive ones (Lang et al., 2008) , it may be that the effects of highly arousing stimuli are controlled by increased PFC regulation with age. These possibilities require further investigation with future studies, for example by including negative emotional stimuli which vary in arousal level; but understanding how arousal processing changes with healthy aging may provide insights into both emotional and cognitive changes with age. Fig. 2 . Age-related differences in the valence-dependent blood oxygenlevel dependent (BOLD) response. The older group displayed significantly greater BOLD modulation due to positive valence than the young group in the (a) left amygdala, (b) right lingual gyrus and (c) left middle temporal gyrus. The images on the left are results from an analysis of covariance comparing the young and older groups' valence-dependent BOLD signal, and the green circles indicate the clusters of difference. The bar charts show the average signal for the young and older groups at the peak voxel in each cluster, with standard errors denoted by the error bars.
Independent of the emotional arousal or valence levels of the stimuli, the young group displayed significantly more constant BOLD activation while viewing the images than the old group in ventral visual processing areas (Haxby et al., 1991; Ishai et al., 1999; Pietrini et al., 2004) , such as primary and secondary visual cortex bilaterally, and the inferior, middle and superior temporal gyri, and in the hippocampus. The older group showed greater activation in the right intraparietal area 1 (hIP1) however, an area that has been implicated in a wide variety of visuospatial and visuomotor functions (Choi et al., 2006) . Previous aging studies have also found greater parietal activation in older adults when they perform as well as young adults on memory (Anderson et al., 2000) and perceptual tasks (Davis et al., 2008) .
The age-related differences in both the arousal-dependent and constant BOLD responses parallel the posterioranterior shift in ageing (PASA) pattern which has been observed elsewhere (e.g., Dennis et al., 2007; Grady et al., 2002; Grossman et al., 2002) , and which is not restricted to emotional processing (for a review see Davis et al., 2008) . The PASA effect is seen when older adults demonstrate reduced occipitotemporal brain activation coupled with increased frontal or parietal activation compared with young adults, when performance is matched between the groups. As such the increased activation in the older adults in the right hIP1 in the constant response, and in the right MFG in response to arousal might be seen as compensatory mechanisms for the marked decrease in sensory processing in the visual and temporal cortices. Within this context differences in emotional processing in aging, including the reduced modulation of visual and temporal cortices by arousal, may be mediated as least in part, by functional reorganization and compensation which occurs in the aging brain, such as those described by the PASA effect (Davis et al., 2008) . It remains to be resolved therefore whether age-related changes in the neural substrates of emotional processing are due to differences in emotional regulation processes and emotional prioritization, or whether they are indicative of widespread neural reorganization in the aging brain. Although we did not measure autonomic responses to emotional arousal in the current study, we did measure subjective levels of arousal for every stimulus, and used these self-report measures as parametric modulators in our analysis of the fMRI data. This is an important improvement on previous studies of emotional processing in aging, as the results of this study and others (Grühn and Scheibe, 2008; Pôrto et al., 2011) indicate that aging significantly influences emotional ratings. The use of subjective ratings in the current paradigm exposed significant differences in emotional responses which may have been lost had average or standard ratings been used instead. A possible future study could measure autonomic arousal responses, such as SCR or pupil dilation (Gabay et al., 2011; O'Neill and Zimmerman, 2000) , and examine their influence on the BOLD signal. These metrics could provide objective and physiological measures of arousal, to see whether age-related differences in the neural response to arousal are related to differences in autonomic arousal responses.
While the results of this and many other studies (Knight et al., 2007; Kwon et al., 2009; Mather and Carstensen, 2005) indicate a positivity bias in older adults, this effect is not always seen (e.g., Grühn et al., 2005; Isaacowitz et al., 2006) . The emergence of the positivity effect can be reversed when attentional resources become limited for example (Knight et al., 2007) , perhaps indicating that emotional goals are prioritized only when there are enough attentional resources available. The task in the current study was a passive emotional viewing paradigm however, which allowed full processing of the emotional stimuli, with no cognitive demands placed on the participants other than the simple shallow encoding task. This may have facilitated the emergence of the positivity effect. Further, other studies may have failed to identify an age-related positivity bias due to the inclusion of emotional stimuli on the basis of valence ratings made by young adults. This once again highlights the importance of taking into account individual differences in emotional ratings.
Several previous studies have indicated that arousal and valence may be processed by different neural systems (Kensinger and Corkin, 2004; Lewis et al., 2007; Mourão-Miranda et al., 2003) ; however their effects are difficult to dissociate experimentally as they tend to covary, especially in the case of negative stimuli (Lang et al., 2008) . In the current study we endeavored to address this methodological constraint by including equal numbers of positive low arousal, positive higher arousal, neutral low arousal, and neutral higher arousal stimuli. This was intended to control for the interaction of arousal and valence from the outset of the experiment, so that their effects on brain activation could be dissociated. The behavioral ratings however revealed that there was a statistically significant correlation between the average valence and arousal ratings of the stimuli in both the young and older groups, albeit a negative correlation. This result was somewhat unexpected, given that previous studies have suggested that arousal and positive va- lence tend to be positively correlated (Lang et al., 2008) ; however the negative relationship we observed may be due in part to the inclusion of many low arousal positive valence images and neutral higher arousal images, which was intended to control for the covariation of arousal and valence. This correlation highlights the inherent difficulty in experimentally dissociating the effects of arousal and valence. Despite this limitation however, the fMRI results indicated that in the young group the linear modulations of the BOLD signal due to arousal and valence were dissociable, with no brain region showing an increase in activation due to both arousal and valence (see Kehoe et al., 2011, and Supplementary Fig. 1 ). Examining the results of the same analysis for the older adults revealed that although the effects of arousal and valence were partially dissociable, there was a region in the right middle occipital gyrus that showed a BOLD signal increase to both dimensions ( Supplementary Fig. 2 ). These results indicate that in the current paradigm the effects of arousal and valence on the BOLD signal were separable in the young adults but not fully independent in the older adults. Along the valence dimension of neutral and positive it seems possible to dissociate the effects of arousal and valence in the brain, as indicated by this and previous studies (Kensinger and Corkin, 2004; Lewis et al., 2007; Mourão-Miranda et al., 2003) , in young adults at least.
An extension of the current paradigm could involve the inclusion of negative emotional stimuli. There is some evidence for example that the processing of highly negative, threatening stimuli is preserved with age (Mather and Knight, 2006; Rösler et al., 2005; Wright et al., 2006) , while other studies have found an age-related reduction in negative emotional processing (Mather and Carstensen, 2005) . It would be of interest therefore to examine age-related changes in negative emotional processing by isolating the contributory effects of valence and arousal. The use of negative stimuli in a parametric modulation paradigm would however make it difficult to control for the confounding effects of arousal, as the covariation of arousal with absolute valence is particularly strong in the case of negative images (Lang et al., 2008) . Perhaps a stimulus set of emotional words might be more appropriate in this case, such as the affective norms for English words (Bradley and Lang, 1999) , as it may be more feasible to find negative, lower arousal stimuli when using words rather than images, which tend to elicit a greater emotional response.
In summary, the results of the current study indicate a dissociation in the neural substrates of emotional arousal and valence processing associated with healthy aging. Our results suggest that the aging brain may be less sensitive to the effects of emotional arousal but more responsive to the effects of positive emotional valence. The results also suggest however that older adults may engage in greater emotional regulation in response to highly arousing emotional stimuli, via the activation of the right MFG. It may well be that the neural basis of the "mellow years" lies not so much in reduced processing of negative stimuli, but that attenuated arousal processing is a contributory factor.
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